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Evidence for a New Step
in Telomere Maintenance
Raymund J. Wellinger,* Katia Ethier,* events and degradation (McClintock, 1939, 1941; San-
dell and Zakian, 1993), and they ensure the completePascale Labrecque,* and Virginia A. Zakian²
replication of the chromosome (Watson, 1972; Olovni-*Department of Microbiology
kov, 1973). Conventional DNA polymerases require aFaculty of Medicine
primer and can synthesize DNA only in the 59±39 direc-UniversiteÂ de Sherbrooke
tion. This enzymatic machinery is expected to leaveSherbrooke, Quebec, J1H 5N4
8±12 base gaps at the 59 ends of the newly synthesizedCanada
strands after removal of the last RNA primer (Newlon,²Princeton University
1988). A priori, this gap is expected on only half of theDepartment of Molecular Biology
telomeres, the ones on which the newly synthesizedPrinceton, New Jersey 08544-1014
strand is made by lagging strand synthesis (Figure 1A).
Telomerase is a ribonucleoprotein that uses a sequence
within its RNA as a template for the addition of telomeric
Summary repeats (reviewed by Greider, 1995). This enzyme can
extend the short 39 overhangs left after primer removal
The strand of telomeric DNA that runs 59±39 toward to generate overhangs of telomeric G-strand DNA. On
a chromosome end is typically G rich. Telomerase- the other half of the telomeres, leading strand synthesis
generated G tails are expected at one end of individual is expected to leave a blunt end (Figure 1A). If telomere-
DNA molecules. Saccharomyces telomeres acquire binding proteins require a short overhang of the G-rich
TG1±3 tails late in S phase. Moreover, the telomeres of strand for binding, the blunt end must somehow be
linear plasmids can interact when the TG1±3 tails are processed to generate such a structure (Lingner et al.,
present. Molecules that mimic the structures pre- 1995; see below). Since in vitro a blunt end does not
dicted for telomere replication intermediates were serve as a substrate for telomerase, additional so far
generated in vitro. These in vitro generated molecules unknown activities must be invoked for this processing
formed telomere±telomere interactions similar to (Lingner et al., 1995).
those on molecules isolated from yeast, but only if In Saccharomyces cerevisiae, telomeres consist of
both ends that interacted had a TG1±3 tail. Moreover, z300 bp of C1±3A/TG1±3 sequences that are necessary
TG1±3 tails were generated in vivo in cells lacking te- and sufficient for all essential functions of telomeres (for
lomerase. These data suggest a new step in telomere example see Wellinger and Zakian, 1989; Sandell and
maintenance, cell cycle±regulated degradation of the Zakian, 1993). We showed previously that at the end of
S phase a > 30 bases long overhang of the G-rich strandC1±3A strand, which can generate a potential substrate
(hereafter referred to as TG1±3 tails) occurs on yeast telo-for telomerase and telomere-binding proteins at every
meres (Wellinger et al., 1992, 1993b, 1993c). At othertelomere.
points in the cell cycle, overhangs are not detected,
although overhangs < 30 bases were not detectable in
these studies. Short linear plasmids also acquire TG1±3
Introduction tails immediately after replication of telomeric DNA by
conventional replication (Wellinger et al., 1993c). In addi-
Telomeric DNA of virtually all organisms is composed tion, these linear plasmids form telomere±telomere as-
of short direct repeats with clustering of G residues on sociations that are dependent on the presence of the
the strand that forms the 39 end of the chromosome TG1±3 tails (Wellinger et al., 1993a, 1993c).
(Zakian, 1995). In some protozoans, the precise struc- Oligonucleotides of single-stranded G-rich telomeric
tureof thevery ends of the macronuclear DNAmolecules DNA from ciliates, vertebrates, and yeast form alterna-
is a 10±16 base overhang of the G-rich strand (Klo- tive DNA structures in vitro that depend onnoncanonical
butcher et al., 1981; Pluta et al., 1982; Henderson and base pairing of the guanines (for review see Sundquist,
Blackburn, 1989). In Oxytricha and related ciliates, there 1990, 1993). The best-described structures are G quar-
are proteins that bind specifically to this G-rich tail tets, four-stranded parallel or anti-parallel helices in
(Gottschling and Zakian, 1986; Price, 1990). In vitro, which four guanines are in a planar alignment to each
these proteins protect telomeric DNA from degradation other and in which every G has two hydrogen bonds to
(Gottschling and Zakian, 1986). Although it is not yet each of two neighboring Gs (Gellert et al., 1962; Sen
known whether short G-rich overhangs are a general and Gilbert, 1988; Sundquist and Klug, 1989; Williamson
feature of telomeres, genetic (Wiley and Zakian, 1995) et al., 1989; Kang et al., 1992; Smith and Feigon, 1992).
and biochemical (Cardenas et al., 1993) studies suggest The formation of G quartets by intermolecular interac-
that diverse organisms have terminus-limited telomere- tions is slow and requires specific cations for stabiliza-
binding proteins similar to those described in Oxytricha. tion of the product (Sundquist and Klug, 1989; William-
These data suggest that telomeres in many organisms son et al., 1989; Sen and Gilbert, 1990; Hardin et al.,
will be found to have short constitutive G tails that serve 1991; Scaria et al., 1992). In addition, a guanine may
as substrates for essential telomere-binding proteins. simply base pair with another guanine to form a G:G
Telomeres are essential for chromosome integrity: base pair (Hobza and Sandorfy, 1987; Sundquist, 1990;
Gualberto et al., 1992). One possible G:G base pairingthey protect chromosome ends from random fusion
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Figure 1. Models for Telomere Replication
and Maintenance in Yeast
The actual structure of the telomeric DNA at
the very ends of the chromosomes is un-
known (question mark on top). However, it
has been proposed that a short 39 overhang
is a conserved feature of eukaryotic chromo-
some ends (for example see Lingner et al.,
1995; Zakian, 1995).
(A) The conventional replication mechanisms
(1) and telomerase-mediated strand elonga-
tion (2) will ultimately yield molecules with one
end having a blunt end and the other end
having a short 39 overhang (3).
(B) The model for telomere maintenance in-
corporating the results of the present study.
After replication, a strand-specific exonu-
clease exposes TG1±3 tails on both telomeres
of individual molecules (2), which are pro-
cessed to generate short 39 overhangs on all
telomeres (3).
configuration has been calculated to be second only to if both interacting ends had a TG1±3 tail. When the in vivo
generated molecules were heated to temperatures thata G:C base pair in stability (Hobza and Sandorfy, 1987).
Alternatively, a single-stranded G-rich DNA strand may dissociated the telomere±telomere interactions, these
molecules reformed telomere±telomere interactions inassociate with double-stranded G:C rich DNA to form
a triple helix via G. G:C pairing (Beal and Dervan, 1991; vitro. Therefore, the in vivo generated molecules must
have TG1±3 tails at both ends. Moreover, TG1±3 tails andVoloshin et al., 1992; Cheng and Van Dyke, 1993; Gilson
et al., 1994). At least in vitro, this association requires telomere±telomere interactions were detected in strains
lacking telomerase. These data suggest that there areMg21 ions or spermine in the reaction mixture (Kohwi
and Kohwi-Shigematsu, 1988; Beal and Dervan, 1991). telomerase-independent mechanisms that can generate
a TG1±3 tail on the ends replicated by both leading andAt least two alternatives could explain the end-to-end
interactions observed with in vivo generated short linear lagging strand synthesis in a cell cycle±regulated
manner.plasmids containing TG1±3 tails (Wellinger et al., 1993c).
As outlined above, the individual daughter molecules
left after conventional replication and TG1±3 tail formation Results
could have a blunt end on one telomere and a TG1±3 tail
on the other (Figure 1A). In this case, the TG1±3 tail from An In Vitro System to Study the Behavior
of Telomere Replication Intermediatesone end could associatewith thedouble-stranded C1±3A/
TG1±3 repeats on the other by forming a triple helix. Alter- Using two-dimensional agarose gel electrophoresis, we
previously showed that the linear plasmid YLpFAT10natively, if there is a mechanism to generate a TG1±3 tail
on the end replicated by leading strand synthesis, both (Figure 2A) forms telomere±telomere associations that
are dependent on the presence of in vivo generatedends of individual daughter molecules could have TG1±3
tails (Figure 1B). These TG1±3 tails could then associate TG1±3 tails (Wellinger et al., 1993c). To explore the struc-
tural basis of the end-to-end interactions, we developedvia G-quartet structures or G:G base pairing.
Using an in vitro system that generates molecules an in vitro system for producing molecules with terminal
structures analogous to those expected for telomerethat mimic both possible replication intermediates, we
demonstrate telomere±telomere interactions analogous replication intermediates generated in vivo. In brief, two
tracts of yeast telomeric repeats were cloned in an in-to those observed with molecules synthesized in vivo.
The end-to-end associations on in vitro generated mole- verted orientation into a circular plasmid (see Figure
2B; Wellinger et al., 1993c). Due to a common KpnI-cules occurred rapidly and did not require high mono-
valent cation concentrations or Mg21 in the reaction restriction site at the end of both tracts, a z7 kb linear
fragment could be liberated that had a 4 base 39 over-mixtures. Most importantly, these telomere±telomere in-
teractions on in vitro generated molecules occurred only hang followed by z280 bp of C1±3A/TG1±3 DNA at each
End-to-End Interactions on a Linear Plasmid
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Figure 2. Plasmid Constructs and Schematic
Outline of the In Vitro Experiments
(A) The structure of YLpFAT10. For construc-
tion of the plasmid, see Wellinger et al.
(1993c). The relevant restriction sites and the
sizes of the terminal fragments are indicated.
(B) The construction of plasmid pYLPV is de-
scribed in detail in Wellinger et al. (1993c). It
is a pBR322 based plasmid that contains the
yeast ARS1 sequences and two blocks of
z280 bp of yeast telomeric repeats (→) in an
inverted orientation. In between these re-
peats are sequences from the yeast 2 mm
DNA and LEU2 gene (Wellinger et al., 1993c).
Plasmid pYLPVDs is a derivative of pYLPV
and its construction is described in Experi-
mental Procedures. Relevant restriction sites
are indicated, and the areas denoted as
probe A and probe B are DNA fragments that
were used as probes.
end in the same orientation as the repeats exist in vivo. than linear molecules of the same mass in the second
dimension and thus are separable from them (BrewerWe then used a strand-specific single-stranded exo-
nuclease to remove step wise the 59 strands, effectively and Fangman, 1987). On the autoradiograph of such
two-dimensional agarose gels, circular monomers (CP)creating single-stranded TG1±3 tails of varying lengths on
both ends (see Figure 2B, left). Using a slightly modified as well as linear dimers (LD) of the original plasmids
were readily detected (Figure 3A). Independent of theplasmid, plasmids with TG1±3 tails on one end and a
block of double-stranded C1±3A/TG1±3 telomeric DNA on length of the tails, about the same fraction of intramolec-
ular interactions (circular molecules of unit length) asthe other were also generated (Figure 2B, right). These
molecules mimic the two possible structures proposed intermolecular interactions (LD) was always observed.
(Figure 3A). However, the total fraction of molecules withfor in vivo generated replication intermediates of the
short linear plasmid YLpFAT10, i.e., TG1±3 tails on both end-to-end interactions (i.e., thepercentage of plasmids
that were monomer circles or LD) was dependent uponends of the plasmid or a TG1±3 tail on one end and duplex
telomeric DNA on the other. the length of the TG1±3 tails: tails with fewer than 30
bases resulted in relatively few end-to-end interactions,
while longer TG1±3 tails yielded up to 8%±10% of mole-Telomere±Telomere Interactions Require a
TG1±3 Tail on Both Interacting Telomeres cules with end-to-end interactions (Figure 3B).
To verify the interpretation of the structured moleculesIn vitro constructed molecules with TG1±3 tails on both
ends were subjected to the same two-dimensional gel detected by two-dimensional agarose gels, these prep-
arations were also examined by electron microscopy.analysis used to analyze the in vivo plasmid. In these
gels, linear double-stranded DNA forms a diagonal, As with two-dimensional gels, monomer length linear
molecules (LM), CP, and LD molecules were observedwhereas relaxed circular molecules migrate more slowly
Cell
426
Figure 3. Analysis of Molecules with TG1±3 Tails Produced In Vitro
(A) Two-dimensional gel electrophoresis of pYLPV molecules that had various lengths of TG1±3 tails on both ends. For the first panel, the
linearized DNA molecules were incubated with T7 (gene6) exonuclease in the absence of MgCl2 for 1 min. The exonuclease is dependent on
MgCl2 and this DNA thus serves as negative control. For the second and third panel, the DNA was treated with the exonuclease for the
indicated time prior to analysis by two-dimensional gel electrophoresis (Brewer and Fangman, 1987; Brewer et al., 1988; Wellinger et al.,
1993c). Tail length was measured as described (Wellinger et al., 1993c; data not shown). The directions of gel migration are indicated. CP,
circular product; LD, linear dimer.
(B) Quantitative analysis of the relative amounts of LD and CP in two-dimensional agarose gels such as in (A) versus the tail length of the
molecules. Note that the relative amounts contributed by LD and CP were about equal for all tail lengths (for example see the gels in [A]).
(C) Electron microscopy of an aliquot of the DNA molecules analyzed in the third panel of (A). LM, linear monomer; LD, linear dimer; CP,
circular product.
(D) Top, two-dimensional gel electrophoresis of molecules with only one TG1±3 tail. The molecules were derived from pYLPVDs (see Figure
2B) and had either no TG1±3 tails (top left) or a TG1±3 tail of z150 b on one end only (top right). As controls, molecules derived from pYLPVDB
(see Experimental Procedures for construction) with either a C1±3A tail and a random tail (bottom left) or molecules with a TG1±3 tail and a
random tail (bottom right) were analyzed. Below each panel is a schematic outline of the molecules analyzed in the respective gel.
(Figure 3C). Thus, these experiments demonstrate that (see also Figure 3A). When molecules with a TG1±3 tail
at one end and duplex telomeric DNA at the other endmolecules with in vitro generated TG1±3 tails at both ends
can form end-to-end interactions as assayed by two- were analyzed, a signal corresponding to LD was ob-
served (Figure 3D, top right). On some gels, a weakdimensional gel electrophoresis or electron microscopy.
Moreover, since molecules on which all of the 59 strand signal for monomer circular DNA was also observed
(data not shown), but such end-to-end interactions be-of the telomeric repeats had been removed showed a
maximal amount of end-to-end interactions, a double- tween a TG1±3 tail and a double-stranded block of telo-
meric repeats were never detectable when a one-dimen-stranded portion of the repeats was not required for
these interactions (Figures 3A and 3B). sional gel assay was used (see below). In molecules
with a TG1±3 tail at one end only, LD could arise eitherNext, molecules with a TG1±3 tail on one end and a
double-stranded block of telomeric repeats on the other by interactions between ends in which both ends had
TG1±3 tails or in which one end had a TG1±3 tail and thewere analyzed in the same fashion. The linear fragment
used in this experiment was isolated from plasmid other end was duplex. However, CP could only form
between an end with a TG1±3 tail and a duplex end. Thus,pYLPVDs, as outlined in Figure 2B. A TG1±3 tail of z150
bases was exposed on one end, while the other end the absence of CP suggests that an end with a TG1±3
tail could not interact with a duplex end and that the LDcontained a 280 bpblock of double-stranded C1±3A/TG1±3
telomeric repeats, aboutthe length of an in vivo telomere observed were formed by interactions of two ends with
TG1±3 tails (see also below).(see Figure 2B). These molecules as well as molecules
without TG1±3 tails were then analyzed on two-dimen- As controls, molecules with a C1±3A tail at one end of
the plasmid and a random sequence tail at the other,sional gels as above (Figure 3D, top). As expected, mole-
cules without tails showed no end-to-end interactions as well as molecules with a TG1±3 tail at one end and a
End-to-End Interactions on a Linear Plasmid
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random tail at the other, were produced from plasmid
pYLPVDB (see Experimental Procedures for the struc-
ture). While the molecules with a C1±3A tail did not yield
any end-to-end interactions (Figure 3D, bottom left), the
molecules in which one end had a TG1±3 tail and the other
had a random sequence again produced LD molecules
(Figure 3D, bottom right), indicative of end-to-end inter-
actions mediated by the TG1±3 tails. These results sug-
gest that only TG1±3 tails support end-to-end interactions
and that a TG1±3 tail is required onboth ends that interact.
To establish firmly that telomere±telomere interac-
tions only occur if the interacting telomeres both have
a TG1±3 tail, the junction fragments generated by telo-
mere±telomere interactions were analyzed. The linear
fragment from pYLPV was isolated and TG1±3 tails of
z200 bases were exposed as described above on both
ends of the linear DNA. This DNA was then digested
with the restriction enzymes SspI and SalI prior to one-
dimensional gel electrophoresis and Southern blot anal-
ysis. The terminal fragment recognized by probe A is
z1.3 kb, and the terminal fragment recognized by probe
B is z0.95 kb (see Figure 2B; Figure 4A, heaviest signal).
If these terminal fragments, which all terminate in TG1±3
tails, interact with each other, three junction fragments
are expected. Probe A should detect A±A associations,
which generate a z2.6 kb fragment, and A±B associa-
tions, which generate a z2.25 kb fragment. Fragments
corresponding to these sizes were indeed detected on
the autoradiogram (Figure 4A left, indicated by arrows).
When the same blot was rehybridized with probe B,
the z2.25 kb fragment (A±B fragment) and a fragment
Figure 4. Analysis of Junction Fragments Generated In Vitroresulting from the association of two B ends (z1.9 kb)
(A) The linear fragment derived from plasmid pYLPV was reactedwere detected (Figure 4A, right, indicated by arrows).
with T7 (gene6) exonuclease to produce TG1±3 tails of z200 basesThus, this one-dimensional gel analysis of restriction
at each end (Figure 2B). The resulting molecules were then digestedenzyme±digested DNA detected all the end-to-end junc-
with the restriction enzymes SspI and SalI and the fragments ana-
tion fragments predicted from the two-dimensional gel lyzed by Southern blotting. On the left is an autoradiogram of the
analysis: those arising froman intramolecular interaction gel after hybridization with probe A (see Figure 2B). T, molecules
(circularization of the plasmid yielding an A±B interac- with TG1±3 tails; C, control, molecules did not have tails; M, molecular
size standards. The junction fragments are indicated by arrows. Ontion) and those arising from intermolecular interactions
the right is the autoradiogram of the same blot after rehybridization(formation of LD molecules that can be held together
with probe B (see Figure 2B).by A±A, A±B, or B±B interactions).
(B) Thermal stability of end-to-end interactions of in vitro produced
In addition, linear DNA fragments with a z200 base molecules. The DNA was derived from pYLPVDs and had a G-rich
TG1±3 tail on the A end and z280 bp of duplex C1±3A/ telomeric extension on one end (A end) and a block of double-
TG1±3 DNA at the B end were generated in vitro, digested stranded telomeric repeats on the other (B end) (see Experimental
Procedures for details). The DNA was restricted with SspI and SalIwith SspI and SalI to release the junction fragment, and
as was done in the experiment described in (A) and incubated foranalyzed as above. After hybridization of the blot to
10 min at the indicated temperatures prior to loading onto an aga-probe A, restriction fragments corresponding to the A
rose gel. The DNA was then blotted onto a nylon membrane and
ends (z1.3 kb) and to the A±A junction (z2.6 kb) were probed with end-specific probes for both ends of the plasmid (left,
observed (Figure 4B, lane 1). However, no A±B junctions probe A; right, probe B; see Figure 2B). The terminal restriction
(z2.25 kb) were observed with either the A or B probes fragment of the A end is expected to be 1.3 kb and the terminal
fragment of the B end is 0.95 kb as in (A). The arrow indicates the(Figure 4B, lanes 1 and 6). Thus, as already suggested by
2.6 kb fragment that hybridizes with probe A only. M, molecular sizethe two-dimensional gel assay, to form a stable junction
standards.fragment, both participating ends required TG1±3 tails.
End-to-End Interactions of In Vivo Synthesized was digested with NsiI, a fragment of about 6 kb was
detected on a Southern blot (Figure 5A, lane 6 indicatedMolecules Have a Thermal Stability Similar
to That of In Vitro Generated Molecules by an arrow; Wellinger et al., 1993c). This fragment hy-
bridized to probes specific for both ends of the plasmidTo examine the nature of the end-to-end interactions,
we investigated the thermal stability of the junction frag- (Wellinger et al., 1993c) and was not observed in DNA
from G1 arrested cells (Figure 5A, lane 1). In addition toment formed by telomere±telomere interactions of in
vivo and in vitro generated molecules. When DNA con- this fragment, the probe detected bands of z5 kb and
z7.5 kb, which correspond in size and hybridizationtaining YLpFAT10 and isolated from cells in late S phase
Cell
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Table 1. Fraction of In Vivo Synthesized Molecules with End-to-
End Interactions
As measured in a two-dimensional gel 1.9%
(circular form, fraction of total)
As measured in a one-dimensional gel 2.1%
(circular form, fraction of total)
The fraction of YLpFAT10 molecules that had end-to-end interac-
tions in the two-dimensional gel system (circular form of the plasmid
[CFP], see Figure 5B; Wellinger et al., 1993c) and the fraction of
molecules with end-to-end interactions as indicated by a restriction
fragment joining the two ends and detected in the one-dimensional
gel (see Figure 5A; Wellinger et al., 1993c). The signals from two
independent experiments were quantified by a phosphoryimager
and expressed as percent of the total amount of YLpFAT10 mole-
cules.
reflects the junction fragment formed by the intramolec-
ular telomere±telomere interactions and thus reflects
the circular form of YLpFAT10 observed in the two-
dimensional gel assays (Wellinger et al., 1993c), the cir-
cular form and the junction fragment should be present
in the same relative amounts in the same DNA sample.
When the relative amount of circular forms observed in
the two-dimensional gels was quantitated and com-
pared with the relative amount of the junction fragment
observed in the one-dimensional gel, no significant
difference was found (Table 1). This suggests that the
two-dimensional and one-dimensional gel assays are
detecting the same population of molecules. Taken to-
gether, these experiments demonstrate that the6 kb NsiI
fragment corresponds to a junction fragment formed by
an interaction of two telomeres of YLpFAT10.
To determine the stability of the telomere±telomere
interactions on in vivo generated molecules, NsiI-di-
gested DNA was exposed toshort incubations at various
temperatures, immediately loaded onto an agarose gel,
and analyzed by Southern blot hybridization (Figure 5A,Figure 5. End-to-End Interactions of the Linear Plasmid YLpFAT10
lanes 7±10). The junction fragment was stable up toIsolated from Yeast Cells
728C but was completely absent after incubation at 788C(A) DNA of cells arrested in G1 (G1 arrested) or DNA of cells in late
S phase (S phase) containing YLpFAT10 was first digested with NsiI (Figure 5A, compare lanes 9 and 10). This disappearance
and then incubated for 10 min at the indicated temperatures. This was not due to a general denaturation of the DNA, since
DNA was then analyzed by Southern blotting and probing with a the weak partial digests, as well as the main terminal
pVZ1 probe. This probe will detect a terminal fragment of z3.5 kb
restriction fragment, remained largely intact at this tem-(see Figure 2A, main band). The arrow indicates the junction frag-
perature (Figure 5A, lane 10). This experiment demon-ment. Note that the bands above and below the junction fragment
strates that the two telomeres in the junction fragmentcorrespond to partial digests of linear YLpFAT10 molecules and are
were held together by noncovalent interactions that dis-visible in all lanes. M, molecular size standards.
(B) DNA of cells in late S phase and containing YLpFAT10 was sociate between 728C±788C.
analyzed using two-dimensional agarose gels as described above To determine the thermal stability of the junction frag-
and the Southern blots were hybridized with a pVZ1 probe. Left, ment on in vitro generated molecules, linear DNA frag-
control; DNA was loaded without heat treatment. Right, the DNA
ments with a z200 base TG1±3 tail on the A end andwas incubated for 10 min at 788C, cooled to room temperature, and
z280 bp of duplex C1±3A/TG1±3 DNA at the B end werethen loaded onto the gel. The arc above the diagonal of double-
generated, treated with SspI and SalI to release thestranded DNA molecules corresponds to the conventional replica-
tion intermediates of YLpFAT10. The arrows point to CFP. Note that A±A junction fragments, incubated briefly at elevated
there was somewhat more DNA loaded on the gel on the left. After temperatures, and then subjected to agarose gel elec-
quantitation of the gels, the actual fractions of CFP/total DNA were trophoresis and Southern blot hybridization. As seen
about the same for the two gels (data not shown).
for the YLpFAT10 DNA isolated from yeast cells, the
junction fragment was stable up to about 758C and was
not observed after incubations at higher temperatures
properties to partial digestion products of linear YLp- (see Figure 4B, lanes 2±5). Therefore, the junction frag-
FAT10 molecules (see Figure 2A; Figure 5A). The probe ments of in vivo and in vitro generated molecules had
also detected a 3.5 kb band (Figure 5A, heavy signal) a similar thermal stability, consistent with the possibility
generated from the right telomere of the linear YLp- that they are maintained by the same type of interac-
tions; that is, the association of two TG1±3 tails.FAT10 molecule (see Figure 2A). If the 6 kb fragment
End-to-End Interactions on a Linear Plasmid
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Further support for this interpretation comes from the
behavior of undigested in vivo generated YLpFAT10
molecules after heat treatment. After heating the DNA
to788C, which completelyeliminated telomere±telomere
interactions as monitored by loss of the junction frag-
ment (Figure 5A), the DNA was cooled to room temper-
ature and loaded on a two-dimensional agarose gel.
About the same amount of the circular form of the plas-
mid (CFP, see also Wellinger et al., 1993c) relative to
total DNA was detected before and after heating (Figure
5B). In this experiment, the reforming of CFP after heat-
ing occurred in vitro with purified DNA and in the ab-
sence of any cellular proteins. Therefore, these inter-
actions, like those detected on in vitro generated mole-
cules, must occur on molecules with a TG1±3 tail on both
ends. Taken together, these data argue that the YLp-
FAT10 molecules generated in vivo and that form CFP
had a TG1±3 tail at each end.
TG1±3 Tails Are Generated In Vivo in the
Absence of Telomerase RNA Figure 6. Telomere-telomere Interactions in a Strain Lacking Te-
lomerase RNA.Given the biochemical properties of telomerase, current
models of telomere replication predict the occurrence A yeast strain carrying a deletion of the TLC1 gene was transformed
with the linear plasmid YLpFAT10 (Figure 2A) and grown for 35of TG1±3 tails on only one end of individual daughter
generations prior to DNA isolation and analysis.molecules (see Figure 1A). Thus, if, as our data suggest,
(A) DNA of cells containing pAZ1 with TLC1 (wt) or of cells devoidlinear plasmids have a TG1±3 tail at both telomeres, the of pAZ1 (D) was digested with the indicated restriction enzymes
tails present on the ends replicated by leading strand and analyzed in an agarose gel using a telomere-specific probe.
synthesis must begenerated by a mechanismother than Note that the terminal NsiI fragments of YLpFAT10 are about 2.5
telomerase. To test this possibility directly, we analyzed and 3.5 kb, respectively (Figure 2A), and that there is no recognition
site for XhoI in YLpFAT10.YLpFAT10 replication intermediates in a strain lacking
(B) The replication intermediates of YLpFAT10 in exponentiallyTLC1, the gene encoding telomerase RNA (Singer and
growing cells were analyzed by two-dimensional agarose gel asGottschling, 1994). The chromosomal copy of TLC1 was
described above. Left, cells also contained a plasmid born copy of
deleted in a strain carrying the plasmid pAZ1, which the TLC1 gene (pAZ1) and displayed no tlc12-associated pheno-
bears the wild-type TLC1 gene; this tlc1D strain carrying types; Right, tlc12-cells that displayed tlc12-associated phenotypes
pAZ1 served as the control for the experiment. Cells (telomere shortening, see above) and ultimately cell death (after
80±100 generations) (I. Dionne and R. J. W, unpublished data). Thethat lost pAZ1 were identified and allowed to grow for
probe for this gel was derived from pTRP1. The signal forming anat least 35 generations before DNA was isolated from
arc above the diagonal of double-stranded DNA molecules corre-exponentially growing cells and examined for TG1±3 tails sponds to the conventional replication intermediates of YLpFAT10.
and CFP. Although cells can grow for 50±100 genera- The arrow points to the CFP, which is held together by telomere±
tions without TLC1 (Singer and Gottschling, 1994), telo- telomere interactions. The signal forming a smear at the position
meres on both plasmid and chromosomal telomeres where high molecular weight DNA migrated stems from genomic
TRP1 sequences.were shorter than in control cells after 35 generations
without TLC1 (Figure 6A), demonstrating phenotypically
that these cells lack telomerase. whether an end is replicated by leading or lagging strand
The same DNA samples used to determine telomere synthesis, it acquires a TG1±3 tail by a telomerase-inde-
lengths were analyzed by two-dimensional agarose gels pendent cell cycle±regulated mechanism.
as described above. Circular forms of YLpFAT10 (CFP)
were equally abundant in the tlc1D and control strains Discussion
(see Figure 6B). In independent experiments, a nondena-
turing in gel hybridization technique was used to show Owing to the polarity of conventional DNA polymerases,
that the telomeres in a tlc1D strain acquire TG1±3 tails half of the telomeres are replicated by lagging strand
late in S phase and the presence of the tails correlates synthesis and the other half by leading strand synthesis
with plasmid circularization (I. Dionne and R. J. W., un- (Figure 1, Lingner et al., 1995; Zakian, 1995). Lagging
published data). Thus, TG1±3 tails and the interactions strand synthesis always copies the G-rich strand and
they support are generated in late S phase in a strain leading strand synthesis always copies the C-rich
lacking telomerase. Consistentwith this result, TG1±3 tails strand. Thus, the current model predicts that half of the
and plasmid circularization were also detected in an telomeres will have a gap on the 59 end of the newly
est1D strain (R. J. W., A. J. W., and V. A. Z., unpublished synthesized C strand, exposing a short G-rich tail. The
data), where EST1 encodes a putative protein compo- other half of the telomeres is expected to be blunt ended
nent of telomerase (Lin and Zakian, 1995). Since plasmid (Figure 1A). In vitro telomerase requires a short single-
circularization requires a TG1±3 tail on both ends (see stranded substrate of the G-rich strand (39 end) for telo-
mere repeat addition, suggesting that in the absence ofFigures 3 and 4), these data suggest that regardless of
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additional factors, it will only generate a TG1±3 tail on create a structure that allows all telomeres to be a sub-
strate both for telomerase and for terminus-binding pro-one end of a linear DNA molecule (Greider and Black-
burn, 1985; Lingner et al., 1995; for review see Black- teins (Figure 1B). Although telomerase-mediated strand
elongation is not essential in every cell cycle (Lundbladburn, 1992).
In the present study, we constructed in vitro mole- and Szostak, 1989; Singer and Gottschling, 1994; Mc-
Eachern and Blackburn, 1995), generating a substratecules with a TG1±3 tail on one end and a duplex block of
C1±3A/TG1±3 sequences on the other end, or with TG1±3 for terminus-bindingproteins is likely to be an obligatory
step in telomere maintenance.tails on both ends (Figures 3 and 4). Stable interactions
were not detected between an end with a TG1±3 tail and The involvement of exonucleases in recombination
and repair is well documented in prokaryotes and eu-an end with duplex telomeric DNA (Figures 3 and 4).
Independent experiments to detect associations of karyotes (for review see Sadowski, 1985). In yeast, spon-
taneous and HO-induced double-stranded breaks areG-rich telomeric oligomers with duplex telomeric DNA
via G. G:C triplex formation also failed (data not shown). processed to molecules with a long single-stranded 39
overhang (Cao et al., 1990; White and Haber, 1990; SunIn contrast, molecules with two TG1±3 tails readily formed
end-to-end interactions (Figures 3 and 4). The formation et al., 1991). Moreover, a 59→39 exonuclease required for
in vitro recombination was identified from yeast extractsof these telomere±telomere interactions was rapid, and
did not require high concentrations of cations, the pres- (Huang and Symington, 1993). These exonucleolytic ac-
tivities, normally associated with recombination or re-ence of Mg21, or even a short stretch of duplex telomeric
repeats on the interacting telomeres (Figures 3 and 4). pair, might also act on telomeres. Alternatively, a 59→39
exonuclease associated directlywith the replication forkIn addition, preliminary results suggest that telomere±
telomere interactions are not prevented by methylation or with telomerase may produce these overhangs. It has
been proposed that FEN-1, a structure-specific DNAat the N7 of the guanines. Taken together, these data
argue that the telomere±telomere interactions did not endonuclease that also contains a 59→39 exonuclease
activity, is associated with the DNA replication machin-occur by either a triple helix or a G quartet±mediated
association. Although the exact base pairing scheme ery. RAD27, a yeast homolog of FEN-1, has similar bio-
chemical activities (Harrington and Lieber, 1994). Theresponsible for the interactions has not been deter-
mined, our results are most consistent with a model in TG1±3 tails may thus serve for both initiation of recombi-
nation as well as substrates for telomerase. Consistentwhich the TG1±3 tails interact to form duplex DNA held
together by G:G base pair. A maximum of z10% of the with this hypothesis, long-term survivors of an Est1p-
deficiency are able to maintain their telomeres via genetelomeres formed telomere±telomere interactions (Fig-
ure 3B), even after incubations for up to 3 days at 378C conversion±type recombination events (Lundblad and
Blackburn, 1993). Furthermore, heterologous telomericand even though the TG1±3 tails were generated in a way
that ensured that about the same number of bases were repeats at the two opposite ends of a linear plasmid can
recombine via a gene conversion type of recombinationremoved from all molecules (Wellinger et al., 1993a,
1993c; data not shown). Although the TG1±3 tails of the event or be used by telomerase for telomeric repeat
addition (Pluta and Zakian, 1989; Wang and Zakian,majority of the molecules did not interact with other
telomeres with TG1±3 tails, it is possible that these TG1±3 1990).
In summary, the results reported here suggest thattails formed intrastrand fold-back structures involving
G:G base pairing. single- stranded TG1±3 tails are generated at the end
of S phase on telomeres, irrespective of whether theThe most straightforward interpretation of all the data
is that the same telomere±telomere interactions are telomeres were replicated by leading or lagging strand
synthesis. These data thus suggest that unexpectedformed on in vivo and in vitro generated molecules. This
interpretation argues that in vivo generated molecules enzymatic activities other than telomerase generate
these TG1±3 tails and that their generation is an integralcontain TG1±3 tails on both ends of individual molecules.
The current model of telomere replication predicts that step in telomere maintenance.
telomerase can generate a TG1±3 tail on only one end of
a molecule (Figure 1A). Moreover, TG1±3 tails were pres- Experimental Procedures
ent on telomeres in cells that lacked Est1p (R. J. W.,
A. J. W., and V. A. Z., unpublished data), a putative Yeast and Escherichia coli Strains
component of yeast telomerase (Lin and Zakian, 1995), Yeast cells were transformed as described(Schiestl and Gietz, 1989)
and propagated in standard media (Zakian and Scott, 1982). Theand in cells lacking the TLC1 gene (Figure 6), which
yeast strain used to isolate replication intermediates was RM14-3Aencodes telomerase RNA (Singer and Gottschling,
(Mata, his6, bar1, trp1-289, leu2-3,112, ura3-52, cdc7-1) (McCarroll1994). Therefore, we favor a model in which a strand-
and Fangman, 1988). Cell synchronization using both of two consec-
specific 59→39 exonuclease generates a TG1±3 tail at each utive blocks (a factor and cdc7) has been described previously
telomere (Figure 1B). We propose that the cell cycle± (Brewer and Fangman, 1987; Wellinger et al., 1993b, 1993c). The
controlled degradation of the C1±3A strand is regulated DNAs used in this study were derived from cells arrested in G1 by
a factor, from cells that had been released for 27 min into S phaseby the essential protein Cdc13p, since cells lacking this
(Figure 5A) and from cells that had been released for 28 min into Sprotein contain long stretches of single-stranded DNA
phase (Figure 5B). This is the time period in the synchronized Sof the predicted polarity in telomeric and subtelomeric
phaseduring which there are maximal amounts of TG1±3 tailson yeastregions of the chromosome (Garvik et al., 1995). In this telomeres (Wellinger et al., 1993c). The tlc1D strain was obtained
model, Cdc13p would limit the extent of exonuclease as follows: strain UCC3535 (Mata/MAta, ura3-52/ura3-52, lys2-801/
digestion or regulate fill-in repair synthesis after theTG1±3 lys2-801, ade2-101/ade2-101, his3-D200/his3D200, trp1-D1/trp1-D1,
leu2-D1/leu2-D1, DIA5-1/DIA5-1, TLC1/tlc1::LEU2) (obtained fromtails are exposed. Exonuclease-generated TG1±3 tails
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M. Singer and D. Gottschling, unpublished data) was first trans- (Brewer and Fangman, 1987; Runge and Zakian, 1989; Wellinger et
al., 1993c). DNA size standards on all gels were end-labeled ªladderºformed with plasmid pAZ1 (Beeler et al., 1994), which is a pRS316
(Sikorski and Hieter, 1989) derivative containing genomic copies of DNA (GIBCO BRL). Riboprobes were created by in vitro transcription
by T3 RNA polymerase of linearized plasmids in the presence ofthe URA3 and TLC1 genes. Cells were then sporulated and random
Leu1/Ura1 spores were isolated. The linear plasmid YLpFAT10 (see a-32P-labeled CTP (Wahl et al., 1987). DNAs used were pVZ1 (Heni-
koff and Eghtedarzadeh, 1987), pAHB (probe A), pVtet (probe B)below) was introduced into these haploids as described (Wellinger
et al., 1993c), using the TRP1gene on YLpFAT10 as selective marker (see Figure 2 for location of probes A and B) and pTRP1. For the
gel in Figure 6A, an in-gel hybridization technique using an 32P end-gene. This strain thus carried a deletion of the TLC1 gene that
was complemented by pAZ1 and also contained the linear plasmid labeled oligonucleotide was used (Counter et al., 1992). In cases in
which the radioactive signals werequantified, a Molecular DynamicsYLpFAT10. Such cells were plated on FOA-trp plates to select for
cells that had lost pAZ1 and were subsequently grown in YC-trp 400A phosphorimager with the ImageQuant software was used
(Johnston et al., 1990).media for at least 35 generations prior to DNA isolation and analysis.
At least theoretically, such an outgrowth is sufficient to dilute out The thermal stability of the end-to-end interactions for the in vitro
constructed molecules were analyzed by first isolating the respec-molecules that were present at 7 3 1010 copies per cell in the starting
culture. DNA was isolated from yeast nuclei obtained by minor modi- tive linear fragments from an agarose gel (see Figure 2B). These
fragments were then treated with T7 (gene6) exonuclease as de-fications (Wellinger et al., 1993c) of a glass bead procedure (Huber-
man et al., 1987). All plasmid constructions were cloned in E. coli scribed above. The resulting DNA was subsequently digested with
SspI and SalI. EDTA (15 mM) and 0.5% SDS were added, and thestrain MC1066 (r2 m1, trpC9830, leuB6, pyrF74::Tn5, lacDx74, strA,
galU, galK) (Casadaban et al., 1983). DNA was extracted once with phenol/chloroform and ethanol pre-
cipitated in the presence of 150 mM NaCl and 10 mg glycogen
(Boehringer). DNA pellets were washed in 70% ethanol and resus-Plasmid Constructions
pended in H2O. These samples were then incubated for 10 min atThe construction of the circular plasmid YEpFAT10 and its linear
the indicated temperatures, removed to ice, and immediately loadedderivative YLpFAT10 have been described (Wellinger et al., 1993c;
onto a 1% agarose gel. The expected terminal restriction fragmentssee Figure 2A). Plasmid pYLPV is as described in Wellinger et al.
after this digestion are 1.3 kb for the SspI end (A end) and 0.95 kb(1993c; see Figure 2B). pYLPVDs was obtained by partially digesting
for the SalI end (B end) (see Figure 1B). For the in vivo synthesizedpYLPV with SacI and removing the 39 overhangs with T4 DNA poly-
YLpFAT10 molecules, the DNA was digested with NsiI (Wellinger etmerase in the absence of nucleotides. The resulting plasmids were
al., 1993c) and then treated exactly as described above for the inrecircularized by ligation and transformed into E. coli. pYLPVDB is
vitro molecules. The terminal restriction fragments were expecteda derivative of pYLPVDs. pYLPVDs was digested with ClaI and
to be z3.5 and z2.5 kb in size (see Figure 2A). Since these fragmentsBamHI, and the fragment containing one block of telomeric repeat
were functional telomeres in vivo, their size is somewhat heteroge-was replaced by a 365 bp ClaI±BamHI fragment of pBR322 (Sutcliffe,
neous. The junction fragment resulting from end-to-end interactions1978). The resulting plasmid pYLPVDB was 8.2 kb and had one
is expected to be z6 kb (Wellinger et al., 1993c).block of telomeric repeats derived from pYLPV. At the distal end of
these repeats are unique KpnI and SacI sites, with which the plas-
Electron Microscopymids were linearized for the experiments in Figure 3. After the treat-
For electron microscopy, molecules were spread by the cytochromement with the T7 (gene6) exonuclease or the T4 DNA polymerase,
c method (Sommerville and Scheer, 1987). Samples were picked upsingle strands of the indicated polarity are exposed. Note that in all
on parlodion-coated grids, stained with uranyl±acetate, and rotarycases, the ends of the linear DNA molecules after KpnI digestion
shadowed. Specimens were examined in a JEOL 100SX microscopehave the following sequence: 59-... GTGTGGTGTGGGTAC-39 (nucle-
and photographed. Contour measurementswere done ona Houstonotides stemming from the KpnI site are in bold). Thus, only the very
Instruments Hipad digitizer attached to a DEC Rainbow computer.last 2 nt do not conform to telomeric repeat DNA on this strand.
The data was analyzedusing a GW-basic program (A. Taylor, unpub-The sequences denoted ªrandomº are derived from the tetracyclin
lished data). At least 20 molecules of each species were measuredresistance gene of pBR322. pVtet is the plasmid pVZ1 (Henikoff and
and compared with standard molecules.Eghtedarzadeh, 1987) into which a 0.62 kb HindIII±SalI fragment
comprising the tetracycline resistance gene from pBR322 was
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